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We present new data for the ∼3.0 Ga Maniitsoq Norite Belt of the Akia Terrane, West
Greenland, with the aim of understanding its petrogenesis. The Maniitsoq Norite Belt is
hosted in regional tonalite-trondhjemite-granodiorite (TTG) and dioritic orthogneisses,
intruded by later sheets of TTG and granite pegmatites, and comprises two main rock
types: plagioclase-rich “norites” and pyroxene-rich “melanorites”. Both norites and
melanorites have high SiO2 contents (52–60 wt% SiO2), high bulk rock Mg#
(0.57–0.83), and low TiO2 contents (0.1–0.7 wt%). Their trace element patterns are
defined by depleted heavy Rare-Earth elements, highly enriched light Rare-Earth
elements, negative anomalies in Nb, Ta, and Ti, and variable anomalies in Zr, Hf, and
Eu. New zircon U-Pb geochronology data and previously published ages establish an
emplacement age of 3,013 ± 1 Ma for the majority of the Maniitsoq Norite Belt, with
magmatism continuing until 3,001 ± 3 Ma. This ∼12 Myr period of norite magmatism is
coeval with an ongoing period of TTG production in the Akia Terrane. Norite Belt
emplacement was closely followed by high temperature, low pressure granulite-facies
metamorphism at ∼800°C and <9 kbar. These conditions imply high temperature
gradients (>900°C/GPa) and that the norite magmas were emplaced into thin crust
and lithosphere. Compositions of the norites and melanorites can be explained by
derivation from a single mafic parental melt (∼13 wt% MgO), with the norites
predominantly accumulating plagioclase and the melanorites predominantly
accumulating pyroxene. Evidence from field relationships, the presence of
xenocrystic zircon, major element compositions and combined trace element and Hf-
isotope modelling suggests the norites were contaminated by assimilation of ∼20–30%
continental TTG crust. Geochemical and Hf-Nd isotopic constraints indicate that the
norite mantle source was depleted, and that this depletion occurred significantly before
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the emplacement of the norite magmas. Contemporaneous production of both TTGs
and norite, their emplacement in thin crust, and the rapid transition to high temperature,
low pressure granulite-facies metamorphism is best explained by their formation in an
ultra-hot orogeny. Formation of norites in this setting may be restricted to >2.7 Ga, when
geothermal gradients were higher on Earth.
Keywords: norite, crustal contamination, tonalite-trondhjemite-granodiorite and tonalite-trondhjemite-
granodiorite-like gneisses, Nd isotope, Hf isotope, zircon U-Pb dating, granulite and amphibolite facies,
ultra-hot orogen
INTRODUCTION
Norites are found in a range of settings on Earth, from oceanic
crust (Nguyen et al., 2018) and ophiolites (Jaques, 1981), to
layered mafic intrusions, such as the Bushveld Complex (Davies
et al., 1980) and Stillwater Complex (Longhi et al., 1983), to
impact melt sheets, such as the Sudbury Complex (Lightfoot,
2017). Of particular interest to investigations of the secular
evolution of the Earth, is the observation of abundant
intracratonic norites with “boninitic” affinities in the period
from ∼2.7 to ∼2.0 Ga (Hall and Hughes, 1993; Srivastava, 2008;
Pearce and Reagan, 2019). These appear to form part of a series
of temporally restricted magmas, falling between the
widespread occurrence of komatiite from ∼3.5 to ∼2.5 Ga
(Arndt et al., 2008; Condie and O’Neill, 2010), and the
appearance of the AMCG (anorthosite, mangerite,
charnockite and rapakivi-granite) suite between ∼1.8 and
1.0 Ga (Ashwal, 2010; Cawood and Hawkesworth, 2014; He
et al., 2019). These temporal changes in magmatic style may
have important implications for changes in tectonic regime and
crustal growth through Earth history, and call into question the
principle of uniformitarianism (Lyell, 1830; Hall and Hughes,
1993).
There has been considerable debate as to whether the
∼2.7–2.0 Ga intracratonic noritic intrusions reflect “boninite-
like” processes of re-melting of previously depleted and
metasomatised mantle (Hall and Hughes, 1987; Smithies et al.,
2004; Srivastava, 2008), or alternatively “siliceous high
magnesium basalt-like” (SHMB) processes of severe crustal
contamination of an ultramafic melt (Barnes, 1989; Bridgwater
et al., 1995; Järvinen et al., 2019; Pearce and Reagan, 2019;
Mansur and Barnes, 2020). Understanding if one or both of
these processes were dominant in producing the ∼2.7–2.0 Ga
noritic suite is important for understanding the tectonic
regime(s) that globally produced these norites. For example, a
boninite-like origin might reflect the initiation of plate tectonics
in this period (Condie, 2018), whereas an SHMB-like origin
might suggest that the crustal conditions and the style of
mantle derived magmas were favourable to the production of
norites through crustal contamination during this time (Hall and
Hughes, 1993).
Despite significant interest in the ∼2.7–2.0 Ga noritic suite,
there are few documented occurrences of “boninite-like” noritic
rocks older than 2.7 Ga. In this regard, the exposed North
Atlantic Craton in West Greenland may be unusual, with
norites reported in the ∼3 Ga Maniitsoq Norite Belt and
associated “diorite” of the Fiskefjord region (Garde, 1991;
Garde et al., 2013; Ravenelle et al., 2017), the ∼3 Ga Amikoq
Complex (Aarestrup et al. in press), and ∼3.4 Ga noritic dykes in
the Isua region (Nielsen et al., 2002). In this study, we present
new field observations, petrography, geochemical and isotopic
data, and phase equilibrium modelling for the ∼3 Ga Maniitsoq
Norite Belt, with the aim of understanding its petrogenesis. We
critically assess the close relationship between norite and
tonalite-trondhjemite-granodiorite (TTG) formation in the
Maniitsoq region, and examine the role of crustal
contamination in the formation of the Maniitsoq Norite Belt.
Finally, we present a tectonic model for the formation of the
Maniitsoq Norite Belt, and compare this to existing models for
younger norites.
GEOLOGICAL SETTING, FIELD
OBSERVATIONS, AND SAMPLES
The Akia Terrane
The Maniitsoq Norite Belt is located within the Mesoarchaean
Akia Terrane of the North Atlantic Craton, West Greenland.
The Akia Terrane is bounded to the southeast by the Eo- to
Neoarchaean tectonostratigraphic terranes of the Nuuk region
(Friend and Nutman, 2019). Its northern boundary is marked
by the recently recognised <2.9 Ga Alanngua Complex
(Steenfelt et al., in review), which separates the Akia
Terrane from the proposed Tuno terrane (Friend and
Nutman, 1994; Nutman et al., 2004; Yi et al., 2014). The
Akia Terrane is dominated by orthogneisses recording two
major crust forming events: an early event represented by
∼3,240–3,180 Ma Nordlandet dioritic gneisses, and a later
event comprising ∼3,050–2,990 Ma gneisses with
predominantly TTG and dioritic compositions (Garde,
1997; Garde et al., 2000; Gardiner et al., 2019). These TTG
gneisses contain enclaves of supracrustal rocks, dominated by
tholeiitic and calc-alkaline amphibolites with a depositional
age of 3,071 ± 1 Ma (Garde, 1997, 2007; Szilas et al., 2017;
Gardiner et al., 2019), and enclaves of mafic-ultramafic
intrusive complexes, which predate the TTGs (Szilas et al.,
2015, Szilas et al., 2018). Despite Mesoarchaean igneous ages
throughout, Hf isotopic data from zircons indicate the
presence of a mafic Eoarchaean precursor to the Akia
Terrane (Gardiner et al., 2019).
The formation of voluminous TTGs immediately predates,
or is contemporaneous with, extensive regional high
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temperature, low pressure metamorphism across the Akia
Terrane between ∼3,010 and 2,980 Ma (Riciputi et al., 1990;
Friend and Nutman, 1994; Garde et al., 2000; Yakymchuk et al.,
2020). Metamorphic grades reached granulite-facies conditions
of >800°C at <0.9 GPa across much of the Akia Terrane
(Yakymchuk et al., 2020), though the easternmost part of the
terrane may have only experienced upper amphibolite-facies
conditions (Garde, 1997). This high temperature
metamorphism was followed by widespread but variable
amphibolite-facies retrogression (Garde, 1997), though the
timing of this retrogression is poorly constrained. Granulite
facies metamorphism is also recorded at ∼2.86–2.70 Ga in the
Alanngua Complex, at the northern margin of the Akia Terrane,
which may record the juxtaposition of the Tuno and Akia
terranes (Kirkland et al., 2018; Steenfelt et al., in review).
This event is marked in the Akia Terrane by the widespread
intrusion of granitic pegmatitic dykes at ∼2,720 Ma (Friend
et al., 1996; Gardiner et al., 2019). A shared Neoarchaean
metamorphic history between the Akia and its bounding
terranes (Friend and Nutman, 2005; Kirkland et al., 2018),
indicates that their juxtaposition was complete by at least
2.72 Ga. Further amphibolite- to granulite-facies
metamorphism is recorded in the Alanngua Complex at
2.56 Ga (Dyck et al., 2015; Steenfelt et al., in review;
Yakymchuk et al., in review) and the Akia terrane at 2.54 Ga
(Kirkland et al., 2020). This coincides with minor granite
intrusions in the northern Akia Terrane (Gardiner et al.,
2019) and the intrusion of the Qoˆrqut Granite Complex
along the southern margin of the Akia Terrane (Nutman
et al., 2010; Næraa et al., 2014), and has been associated with
final cratonisation of the North Atlantic Craton (Yakymchuk
et al., in review).
The Maniitsoq Norite Belt
The Maniitsoq Norite Belt forms an approximately 75 km by
15 km ‘J’-shaped belt of norite bodies included within ∼3.0 Ga
regional TTGs and dioritic gneisses of the Akia Terrane (Secher,
1983, Secher, 2001; Garde et al., 2012, Garde et al., 2013;
Ravenelle et al., 2017) (Figure 1). The Norite Belt
predominantly outcrops within TTG-dominated orthogneisses
of the Fiskefjord Complex, and is spatially associated with the
southern and eastern edges of the dioritic and TTG orthogneisses
FIGURE 1 | Geological map of the Maniitsoq Norite Belt, showing location of all samples analysed for this study. Norite belt U-Pb zircon ages from this study
(straight crosses, regular text) and previous work (diagonal crosses, italics; Ravenelle et al., 2017; Gardiner et al., 2019; Aarestrup et al., in press) are shown adjacent to
their sample locations. Ages are colour coded by whether the sample was classed as norite (red), melanorite (blue), or unclassified (grey). Approximate extent of the
Maniitsoq Norite Belt is delineated by purple curves. S. B.  Supracrustal Belt. Location of map within Greenland shown in inset.
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of the Finnefjeld Complex (Steenfelt et al., in review). Garde et al.
(2012) and (2013) suggested a genetic link to the “post-kinematic
diorites” of the Fiskefjord region (Garde, 1991), which along with
recently discovered norite outcrops to the north of the main
norite belt (Ravenelle et al., 2017) imply norite magmatism
occurred over length scales >100 km. Norite bodies range in
size from kilometre-scale (e.g., the 8 km2 Fossilik body; Ravenelle
et al., 2017) to meter-scale pods (Garde et al., 2013). Unlike other
mafic–ultramafic complexes further south in the Akia Terrane
(Garde, 1997; Szilas et al., 2015), the norites are not closely
associated with other ultramafic cumulates. Previously
geochronological studies suggest the norites formed between
∼3,014 and ∼3,002 Ma (Ravenelle et al., 2017), or between
∼2,976 and ∼3,017 Ma by correlation with the Fiskefjord
diorites (Garde, 1991; Garde et al., 2000; Scherstén and Garde,
2013).
A wide variety of compositions have been reported in the
norite belt, ranging from quartz diorite, through norite, to
pyroxenite (Garde et al., 2013; Ravenelle et al., 2017). However,
despite this range, the rocks can be broadly described as high in
MgO, Cr, and Ni, with relatively high SiO2, and consistent trace
element patterns across the range of compositions (Garde et al.,
2012). The norite belt intrusions host significant nickel-
sulphide mineralisation, both as primary magmatic sulphide
and as secondary sulphides remobilised during high-grade
metamorphism. Sulphide mineralisation is predominantly
concentrated in the highest MgO norites and pyroxenites,
and is the subject of ongoing exploration work by North
American Nickel (Ravenelle et al., 2017).
Field Observations and Sampling
Fieldwork was conducted in the Maniitsoq region of the Akia
Terrane in 2016 and 2017. Two major rock types are
distinguishable in the norite belt based on field
observations. The first, which constitutes a majority
(∼60–80%) of the exposed norite belt comprises medium- to
coarse-grained plagioclase-rich rock with a granitoid-like
texture and blueish/grey plagioclase. The presence of both
clinopyroxene and orthopyroxene, means these should strictly
be termed “gabbronorites” (Le Maitre et al., 2002). However,
we retain the use of the term norite to describe these rocks for
simplicity and continuity with previous studies describing the
“norite” belt (Garde et al., 2012, Garde et al., 2013; Ravenelle
et al., 2017). These norites are generally massive and
mineralogically homogenous, forming rounded friable grey
outcrops (Figure 2A). They occasionally contain enclaves of
layered amphibolite (Figure 2B), and therefore post-date the
earliest mafic crust in the region.
The remainder (∼20–40%) of the norite belt comprises
orthopyroxene-rich rocks, which we term “melanorites”
(pyroxenites and norites of Ravenelle et al., 2017) to
distinguish them from the plagioclase-rich norites. These are
typically brown in colour due to their orthopyroxene-rich nature
and weather to form rounded outcrops with blocky protrusions
(Figure 2C). Some have a “spotted” appearance due to the
presence of coarse orthopyroxene-rich and plagioclase-rich
zones (Figure 2D), which correspond to the “leopard norites”
of Ravenelle et al. (2017) and have been described as “proto-
orbicular” by Garde et al. (2012).
Both norites and melanorites may be observed in the same
body, particularly in the larger bodies. In these larger bodies, such
as the Fossilik intrusion, norites are found towards the palaeo-top
of the intrusion, whereas melanorites are found towards the base
(Ravenelle et al., 2017). Contacts between the norites and
melanorites are frequently obscured by deformation or erosion
but appear to be transitional where exposed. Furthermore, rare
examples of igneous banding (Figure 2E; Secher, 1983) generated
by variations in the proportions of plagioclase and pyroxene
appear to represent alternating norite and melanorite
compositions. We therefore interpret the norites and
melanorites as part of the same magmatic suite.
Both types of norite are intruded by two different types of felsic
magmas. The first are TTG sheets ranging in size from a few
centimetres to a few metres (Figure 2F). These are often
internally sheared, suggesting that the TTGs were incompetent
relative to the norites during later deformation. The second are
late (undeformed) granite pegmatites up to 20 m wide
(Figure 2G), which cut the TTG sheets and extend into the
regional TTG orthogneiss. Adjacent to the granites, the norites
are altered to a more cohesive amphibolite with a “gabbroic”
appearance (Figure 2G). The melanorites, by contrast, are altered
to green amphibolite with plagioclase taking on a “snowflake”-
like appearance.
Field evidence for the relative timing of norite and TTG
formation is equivocal. Contacts to their host TTG gneisses
are generally tectonised, obscuring whether the norites are
intrusions into the regional TTG gneisses, or enclaves included
within the gneisses. The norites were previously interpreted as
“post-kinematic” intrusive plugs which post-date the regional
TTG gneisses (Garde et al., 2012, Garde et al., 2013), and many of
the larger norite bodies may fit this interpretation. However, it is
difficult to reconcile the smallest metre-scale norite bodies with
this model, and they may instead represent enclaves intruded by
the TTGs or tectonically emplaced slivers from larger norite
bodies. No evidence was found of reported 3.0 Ga dykes
related to the norite belt (Garde et al., 2012, Garde et al.,
2013), though Palaeoproterozoic noritic dykes are common in
this area (Berthelsen and Bridgwater, 1960; Hall and Hughes,
1987; Nutman et al., 1995). Tonalitic sheets cross-cutting the
norites appear continuous with the regional orthogneisses,
suggesting that at least some TTGs post-date norite intrusion.
However, a hybridised contact zone between norite and TTG at
one locality (Figure 2H), and previous reports of gneiss xenoliths
included in norite (Secher, 1983), indicate that norite intrusion
post-dated the emplacement and deformation of at least some
TTGs. To summarise, the field evidence provides no systematic
relative emplacement sequence between the norites and TTGs;
locally, norites appear to both precede and post-date TTG
emplacement.
There is abundant evidence that the norites are not post-
kinematic, and predate the end of deformation in the Akia
Terrane, including: isoclinal folding and boudinage of the
norite bodies, complex folding of contacts between the norites
and their host orthogneisses, internal shearing of TTG sheets that
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FIGURE 2 | Field photos of the Maniitsoq Norite Belt. (A) Typical outcrop of homogenous grey norite (sample 815). (B) Amphibolite (sample 820) included within
norite (sample 821). (C) Close up of a melanorite outcrop, with brown orthopyroxene and white plagioclase visible, and blocky weathering (sample 804). (D) Close up of
spotted norite texture with plagioclase- and orthopyroxene-rich zones in melanorite (sample 875). (E) Melanorite outcrop with pale plagioclase-rich (pl-rich) igneous
layering (sample 1,258). (F) Pale tonalitic sheet (sample 1,256) intruding darker coloured norite (sample 1,257). (G) Thin granite pegmatite sheet (sample 814)
intruding norite. Norite is green with a “gabbroic” texture adjacent to sheet. (H) Enclave of banded TTG orthogneiss (sample 1,260) included in norite, suggesting norites
post-date at least some of the regional TTGs.
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cross-cut the norites, the occurrence of a lineated tectonic fabric
in some norites that is parallel to regional tectonic fabrics in the
host orthogneisses, and the presence of mylonite sheets in the
norites (Ravenelle et al., 2017). In contrast to other metabasites in
the Akia Terrane (Yakymchuk et al., 2020), the norites do not
show evidence of anatexis.
A large number of samples identified as norites, gabbros, or
diorites in the field were collected. Of these, 69 could reliably be
identified as “norite belt” samples: the majority were collected
from the main norite belt (Garde et al., 2012; Ravenelle et al.,
2017); a minority that were collected elsewhere but were
petrologically and geochemically indistinguishable from the
rocks of the norite belt. Of these, some are found within and
to the north of the Finnefjeld Orthogneiss Complex, while others
occur to the east and south of the main norite belt (Figure 1). The
studied samples are mostly unmineralised. In addition, a large
number of amphibolites included in the regional TTGs and/or
norites, and a number of felsic sheets crosscutting the norite belt,
were sampled.
PETROGRAPHY
Norites
The norites are dominated by coarse-grained anhedral
plagioclase, interspersed with aggregates of mafic material.
Samples identified as fresh norites in the field have
granoblastic textures with an assemblage of plagioclase +
orthopyroxene + clinopyroxene + hornblende ± biotite ±
quartz, corresponding to a largely dry granulite-facies
metamorphic assemblage (Figures 3A,B; see Supplementary
Material for additional examples of granoblastic textures).
Accessory minerals include magnetite, ilmenite, and Fe-Ni
sulphides. No igneous textures are preserved. Visually
estimated plagioclase contents range from 60–85 vol%, and
orthopyroxene contents (10–15 vol%) are generally slightly
higher than or equal to clinopyroxene contents (5–15 vol%).
Orthopyroxene and clinopyroxene are subhedral to anhedral;
clinopyroxene is often twinned. Both pyroxenes commonly
show epitaxial replacement predominantly by hornblende
and rarely other amphiboles (actinolite-tremolite), forming
lamellae and/or amorphous inclusions within the pyroxenes.
In rare cases, these lamellae comprise pyroxene (e.g.,
orthopyroxene lamellae in clinopyroxene; Figure 3C).
Hornblende also occurs as distinct grains. Samples show no
obvious mineral alignment, though some evidence of
deformation is visible in deformed plagioclase twins and
bent cleavages in orthopyroxene.
In samples collected adjacent to intruding granite pegmatites,
and in portions of samples adjacent to veins, the granulite-facies
assemblage is retrogressed to an amphibolite-facies assemblage
of plagioclase + hornblende + biotite ± quartz (Figure 3D).
Plagioclase retains a granoblastic texture in the retrogressed
norite. However, the ratio of plagioclase to mafic minerals is
lower in the retrogressed norites, and plagioclase grain size tends
to be smaller. The mafic portions of the retrogressed norites
show a fine-grained interlocking texture of biotite and
amphibole. Biotite contents are higher in retrogressed
samples. Coexisting retrogressed and non-retrogressed
assemblages and textures are visible at the scale of a single
thin section in some samples.
Melanorites
The melanorites comprise an assemblage of orthopyroxene +
hornblende + plagioclase ± clinopyroxene ± minor biotite
(Figures 3E,F), which we interpret as a granulite-facies
metamorphic mineral assemblage. Proportions of these
minerals vary strongly. Some samples are almost
orthopyroxenites (up to 75 vol% orthopyroxene; Figure 3G),
with hornblende and very small amounts of plagioclase and
clinopyroxene (<5 vol%). Others range to relatively plagioclase
rich (up to 45 vol%) or clinopyroxene rich (up to 30 vol%)
compositions. Accessory minerals include magnetite, ilmenite,
rutile, and Fe-Ni sulphides; sulphides are frequently associated
with Fe-oxides and alteration along veins. Textures are generally
granoblastic but rarely appear cumulate-like in some
orthopyroxene-rich samples. Where igneous textures are still
identifiable, former ∼30° melt-solid dihedral angles (Holness,
2006) systematically show textural equilibration to 120° joints
(Figure 3F). Spotted norite samples (Figure 2D) show variations
between orthopyroxene-rich zones and plagioclase-rich zones.
Plagioclase-rich zones still contain aggregates of mafic minerals,
albeit in lower proportions, which have previously been
interpreted as proto-orbicular textures, indicating rapid
crystallisation (Garde, 1991; Garde et al., 2012, Garde et al.,
2013). However, although the broad variations between
plagioclase- and orthopyroxene-rich zones may reflect primary
igneous features, the present textures are entirely metamorphic
and are not indicators of crystallisation rate. Both orthopyroxene
and clinopyroxene are subhedral to anhedral and have a ragged
appearance, with bent cleavages and epitaxial replacement by
amphibole. Similar to the norites, hornblende is found as both
large distinct grains and replacing orthopyroxene and
clinopyroxene. Biotite contents tend to be higher in samples
with higher amphibole and lower orthopyroxene contents, and is
absent in some samples.
Some melanorites show patchy retrogression, with areas
showing a fine-grained interlocking texture of acicular
amphiboles (Figure 3H) interspersed within the typical
granulite-facies assemblage described above. Small relicts of
orthopyroxene are visible in these retrogressed areas. As with
the norites, this retrogression is associated with a reduction in
plagioclase mode, with the complete loss of plagioclase in
some cases.
METHODS
Detailed analytical methods for mineral analyses by electron
probe micro-analysis (EPMA); bulk rock major, trace, and
platinum group elements (PGEs), 147Sm-143Nd and 176Lu-
176Hf isotopic analyses, oxygen isotope analyses, U-Pb zircon
geochronology, and phase equilibrium modelling are given in the
Supplementary Material. Bulk-rock major and trace element
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compositions were determined for all samples at ALS
Laboratories, but due to concerns over trace element data
quality a subset of samples were reanalysed at Washington
State University (WSU). The ALS major and minor element
data is used for samples not reanalysed at WSU, but the majority
of trace elements analysed by ALS are not used in this study
(Supplementary Material).
RESULTS
Electron Probe Micro-Analysis Mineral
Chemistry
Norites
Plagioclase compositions (Figure 4; Supplementary Table S3)
range from An48–An59 in samples dominated by granulite-facies
FIGURE 3 | Photomicrographs and back-scattered electron (BSE) images of norite belt samples; photomicrographs are plane-polarised light unless stated otherwise. (A)
Typical norite with granulite-facies assemblage of orthopyroxene (opx), clinopyroxene (cpx), plagioclase (pl), and hornblende (hb). (B)Cross-polarised light photomicrograph of
granoblastic-textured plagioclase-rich norite, orange circles highlight well-equilibrated grain boundary triple junctions. (C) BSE image of lamellae and blocky inclusions of
orthopyroxene and hornblende in a clinopyroxene grain. (D) Retrogressed norite from adjacent to an intrusive granite, showing an amphibolite-facies assemblage
dominated by plagioclase and hornblende (hb), with minor biotite (bi). (E) Typical melanorite granulite-facies assemblage, note higher proportion of orthopyroxene compared to
norite. (F) Typical melanorite showing textural equilibrium between major mineral phases, orange circles highlight well-equilibrated grain boundary triple junctions. Brown
inclusions in clinopyroxene are hornblende. (G) Orthopyroxene rich melanorite, with minor hornblende. (H) Melanorite with patchy retrogression, blue dashed line divides
retrogressed assemblage dominated by hornblende and actinolite (act), with minor plagioclase and relict orthopyroxene, from typical melanorite granulite assemblage.
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assemblages (average An52), and from An23–An52 in retrogressed
samples (average An45). Plagioclase is unzoned, with consistent
compositions in each sample compared to the variation between
samples, even for samples showing both retrogressed and
granulite-facies mafic mineral assemblages in individual thin
sections. Strongly retrogressed samples, from near intrusive
granites have the lowest An plagioclase. Both orthopyroxene
and clinopyroxene and unzoned and show consistent
compositions throughout, with overlapping compositions in
granulite-facies and partially retrogressed samples; no pyroxene
is preserved in the most retrogressed samples. Orthopyroxene has
low Ca (<Wo4, average Wo1) and Mg# (Mg#  molar Mg/[Mg +
Fe2+]) from 0.67–0.77. Clinopyroxenes are diopsides, with high Ca
(>Wo45, average Wo47) and slightly higher Mg# than the
orthopyroxenes (Mg# 0.79–0.85). The vast majority of
amphiboles analysed in the granulite-facies assemblage are
magnesio- or magnesio-ferri-hornblendes (Hawthorne et al.,
2012; Locock, 2014), including the majority of inclusions and
FIGURE 4 | Bulk rock major and minor element variations for norite belt samples. Solid symbols indicate WSU data, hollow symbols indicate ALS data. Norites and
melanorites are compared to Akia Terrane amphibolites from the Maniitsoq region, and “post kinematic diorites” of the Fiskefjord region (Garde, 1991). Compositions of
major mineral phases in norite and melanorite samples are also shown, compositions in norites and melanorites are very similar and not distinguished here.
Clinopyroxene is omitted from some plots for clarity, and plagioclase is omitted from plots of elements with very low concentrations in plagioclase. “Opxmixing” and
“Plag mixing” are mixing lines between the average melanorite bulk rock composition and the average orthopyroxene composition determined by EPMA, and the
average norite composition and average plagioclase composition, respectively. Average plagioclase has Al2O3/TiO2 ≈ 7,000 and is not shown. Primitive mantle Al2O3/
TiO2 from Hofmann (1988).
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lamellae in the pyroxenes. The EPMA analyses also identified rare
inclusions of actinolite-tremolite and rare examples of pyroxene
inclusions and lamellae (Figure 3B). Retrogressed mafic
assemblages contain both magnesio-ferri-hornblende and
actinolite-tremolite, direct replacement of orthopyroxene by
cummingtonite is also observed. Biotite in the granulite-facies
assemblage tends to be Mg- and Ti-rich (Mg# 0.73–0.76, TiO2
3.6–4.0 wt%), consistent with higher temperatures of equilibration
FIGURE 5 | Variation of selected trace elements in norite belt samples, plotted against MgO. Solid and hollow symbols refer to WSU and ALS data, respectively.
Dashed lines in Eu/Eu* against MgO plot are regressions of selected data with R2 values shown. Data in dashed circles were excluded from the regressions either
because they showed signs of retrogression (melanorites) or evidence of having formed from more evolved melts (norites).
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(Patiño Douce, 1993) than biotite in the retrogressed assemblages
(Mg# 0.66–0.72, TiO2 1.5–3.5 wt%).
Melanorites
Plagioclase compositions in the melanorites are also consistent
within a given sample, though generally more Na-rich than the
norites, regardless of the degree of retrogression. Plagioclase
crystals are unzoned. Compositions range from An35–An43,
with the most Na-rich plagioclase found in the most
orthopyroxene rich/plagioclase poor sample. Orthopyroxene
grains are unzoned with compositions varying from Mg#
0.69–0.80 with <Wo3. Clinopyroxene grains are unzoned
(where present), with compositions ranging from Mg#
0.83–0.87 generally with >Wo45. Taken together with the
norites, the clinopyroxene and orthopyroxene average Mg#
strongly correlate with bulk rock Mg#, indicating equilibration
with the bulk rock compositions during metamorphism
(Supplementary Material). Amphiboles are dominantly
FIGURE 6 | Variation of selected trace elements in norite belt samples. Eu/Eu* plot shows regressions of norite and melanorite data (with 95% confidence limits
about the regression) to assumed parental magma compositions with Eu/Eu*  1, primitive mantle Al2O3/TiO2 (Hofmann, 1988) is shown for comparison. “Parental”
indicates the approximate parental magma composition for the norites calculated at Eu/Eu*  1. “plag-melt” curves are mixing relationships between this parental melt
and plagioclase compositions, indicating plagioclase accumulation. Lutetium, La, Zr, Nb, and Sc are incompatible in plagioclase (Aigner-Torres et al., 2007) and
assumed to have concentrations of zero. Crosses are 10% increments of plagioclase fraction in the mixture (by weight), some increments are labelled with percentage
symbols. Range of plagioclase CaO contents is show in the Sc plot, at an assumed Sc content of 0 ppm. Solid and hollow symbols refer to WSU and ALS data,
respectively.
Frontiers in Earth Science | www.frontiersin.org September 2020 | Volume 8 | Article 56206210
Waterton et al. The Maniitsoq Norite Belt
magnesio-ferri-hornblende and pargasite (Hawthorne et al., 2012;
Locock, 2014), though tremolite-actinolite is more common than
in the analysed norites and appears as an alteration product of
hornblende. Replacement of orthopyroxene by cummingtonite is
also more common than in the norites, particularly associated
with veins and in retrogressed patches. One biotite analysed in a
granulite-facies sample had anMg# of 0.79, one biotite analysed in
a retrogressed sample had an Mg# of 0.72. Some magnetites are
Cr-rich, and may reflect alteration products of chromite.
Bulk-Rock Major and Trace Elements
Major Elements
Both norites and melanorites have similar SiO2 contents
(52–60 wt% SiO2; Figure 4; Supplementary Table S1), which
are high relative to amphibolites included in the regional TTG
orthogneisses. Norites and melanorites have low TiO2 (0.1–0.7 wt
%) and high Mg# (0.57–0.83) relative to most amphibolites,
though there is some overlap between the most mafic
amphibolites and the melanorites. Data for a number of
elements (Al2O3, CaO, FeOt, Na2O) form broad continuous
trends between the norites and melanorites, with the
melanorites having more mafic compositions and higher MgO,
Cr2O3, and NiO. However, the melanorites have higher average
Ti contents than the norites. Perhaps the most striking difference
between the two groups is seen in their Al2O3/TiO2 ratios, which
are similar to or lower than primitive mantle values in the
melanorites, but extend to extremely high Al2O3/TiO2 at
approximately constant MgO in the norites. Loss-on-ignition
(LOI) values are low (typically <1 wt%) in both the norites and
melanorites, though some retrogressed samples have LOI above
1 wt%. Compositions of “post-kinematic diorites” of the
Fiskefjord region (Garde, 1991) are also plotted in Figure 4,
and show similar compositions to the norites and the less mafic
melanorites.
Trace Elements
Bulk rock trace element variations are plotted in Figures 5–7, and
available in Supplementary Table S1. Rare-Earth elements (REE)
are generally negatively correlated with MgO in the melanorites,
with scatter increasing towards the light-REEs (LREE), and show no
correlation with MgO in the norites. Heavy-REE (HREE) contents
are generally higher in the melanorites than norites, though LREE
contents broadly overlap between the two groups. However, when
plotted against Al2O3/TiO2, the norite REE data show two diverging
trends: one towards decreasing or flat REE content with increasing
Al2O3/TiO2, another towards high REE contents at constant Al2O3/
TiO2. The latter trend is more pronounced in the LREEs than
HREEs. High field strength elements (HFSE) show broad scatter in
both groups of samples against MgO, but again follow similar
(though more scattered) diverging trends in the norite samples
when plotted against Al2O3/TiO2. Strontium has a similar
distribution against MgO to Al2O3, and is correlated with Al2O3/
TiO2. The norites generally show positive Eu anomalies (Eu/Eu* 
2 × EuN/[SmN + GdN], “N” indicates primitive mantle normalised),
whereas all melanorite samples show negative Eu anomalies. These
anomalies are correlated with Al2O3/TiO2, particularly in the
norites. Scandium shows a scattered distribution against MgO,
similar to CaO, and is correlated with CaO in the melanorites.
Most large ion lithophile elements (LILE) show a high degree of
scatter and are not shown.
FIGURE 7 | Rare earth element and trace element spider plots for norite and melanorite samples. REE plots are normalised to chondrite (Anders and Grevesse,
1989), trace element plots to primitive mantle (PM; Sun and McDonough, 1989). Grey fields indicate total range of values from both groups for comparison. Also shown
are the average trace element patterns for Maniitsoq amphibolites (“Av. amph.”; n  100; Supplementary Table S1), the average trace element composition of TTGs,
felsic orthogneisses, and granites from the Maniitsoq region (“Av. TTG”; n  147; Gardiner et al., 2019). The average depleted MORB composition of Gale et al.
(2013), normalised to the average Yb content in norite belt samples, is shown for reference as a typical depleted mantle melt composition.
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Both groups of samples have consistent, largely parallel REE
and trace element patterns, with depleted HREE, highly enriched
LREEs, and strong negative anomalies in Nb, Ta, and Ti. These
patterns broadly parallel the average composition of felsic
orthogneisses from the Maniitsoq region (Gardiner et al., 2019).
Zirconium and Hf show variable anomalies in both groups, with
Zr/Zr* ranging from 0.4–1.5 in the norites and from 0.5 to 10.3 in
themelanorites (Zr/Zr* 2 × ZrN/[SmN +GdN]; Gd is used instead
of Eu due to the presence of Eu anomalies). The norites show
strong positive anomalies in Pb and Sr.
Platinum Group Element Data
Concentrations of PGEs (Figure 8; Supplementary Table S1) in
the norites are low, with most samples close to or below the limit
of detection (LOD) for most or all PGEs. The exception is Pt, with
three samples showing values of ∼3 ppb Pt. The melanorites have
significantly higher PGE concentrations, with only Pd in three
samples falling below the LOD. Iridium contents are low and
broadly scattered. Ruthenium and Rh concentrations fall with
decreasing MgO; Ru shows a strong correlation with Cr for some
samples. Platinum and Pd are both scattered against MgO. Multi-
FIGURE 8 | Platinum group element (PGE) and Cu data for norite belt samples. Most norite sample PGE concentrations are below the limit of detection (LOD) and
are not shown. LOD for PGEs shown as dashed lines. Solid and hollow symbols in Cu plots refer to WSU and ALS data, respectively. Multi-element patterns are only
shown for melanorites, asmost norite data were below LOD. Data are normalised to primitive mantle values of Becker et al. (2006) and Fischer-Gödde et al. (2011) for the
PGEs, McDonough and Sun (1995) for other elements.
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FIGURE 9 | (A) 147Sm-143Nd plot for norite samples. Most samples lie on an isochron, with the exception of sample 1,041 (blue symbol), which was excluded as it is
an εNd outlier. (B) 176Lu-176Hf plot for norite samples, all samples form an errorchron. (C) 147Sm-143Nd plot for melanorite samples. Coloured lines and symbols of the
same colour join samples from the same norite body. Red symbols are melanorites from bodies where only one sample was analysed. (D) 176Lu-176Hf plot for melanorite
samples, all samples form an errorchron. All isochron plots generated using isoplot (Ludwig, 2012). (E) εNd and εHf data for norite and melanorite samples
calculated at 3,010 ± 10 Ma with 2σ uncertainties propagated after Sambridge and Lambert (1997), excluding decay constant uncertainties. Terrestrial array of Vervoort
et al. (2011) shown for reference. (F) Sm and Nd trace element concentration data for norites and melanorites.
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FIGURE 10 | Zircon U-Pb geochronology results. (A)–(E) Tera-Wasserburg concordia diagrams for dated samples, sample numbers given in upper right corner.
Mixed and discordant analyses not included in calculations of mean 207Pb/206Pb ages. Insets show cathodoluminescence images of typical zircons from each sample,
red scale bars  100 μm. (F) Zircon U-Pb age summary showing all Maniitsoq Norite Belt ages from this study, Ravenelle et al. (2017), Gardiner et al. (2019), and
Aarestrup et al. (in press) grouped according to sample type. Closed symbols are from this study, open symbols indicate previous work. Age range of granulite-
facies metamorphism (Yakymchuk et al., 2020) and TTG formation (Gardiner et al., 2019) in the Akia Terrane is shown for comparison.
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element patterns for melanorite PGEs, Ni, Cu, and Ti, are
scattered, with a general enrichment of Pt and Pd relative to
Ir and Ru. Copper concentrations are also shown in Figure 8, and
are generally higher in the melanorites than the norites, although
the two most MgO-rich melanorite samples have very low Cu
concentrations. Copper concentrations show a wide scatter in the
norites when plotted against either MgO or Al2O3/TiO2.
147Sm-143Nd and 176Lu-176Hf Isotopic
Analyses
Initial 143Nd/144Nd and 176Hf/177Hf isotopic compositions were
calculated using the decay constants of Lugmair and Marti (1978)
for 147Sm (uncertainty from Ickert, 2013 and Söderlund et al.,
2004) for 176Lu, to an age of 3,010 ± 10 Ma (Age of the Maniitsoq
Norite Belt). εNd and εHf values were calculated relative to the
chondritic uniform reservoir (CHUR) of Bouvier et al. (2008),
with uncertainties propagated after Sambridge and Lambert
(1997). The initial isotopic compositions of the two groups
closely overlap. Most norites fall within a tight range between
+0.5 and +0.7 εNd3010Ma; one sample collected near an intrusive
granite pegmatite has a higher εNd of +1.4 (2σ uncertainties are
typically ∼0.2 epsilon units, ∼0.8 including decay constant
uncertainty). Most melanorite εNd range from +0.2 to +0.7,
one sample collected near an intrusive TTG sheet has a higher
εNd of +2.1. Most norites show a range in εHf3010Ma between −1.1
and −0.3; two samples collected adjacent to a granite pegmatite
have higher εHf of +0.3 and +0.7. Melanorite εHf values are
between −1.1 and 0.0 (typical 2σ uncertainties are ∼0.3 epsilon
units for Hf with or without decay constant uncertainties). All
samples fall close to, but slightly below, the Hf-Nd terrestrial
array (Figure 9E; Vervoort et al., 2011).
The 147Sm-143Nd data for the norites (excluding the sample
with outlier εNd), define an isochron with an age of 3,026 ± 54 Ma
(MSWD  1.3; n  9; Figure 9A). The initial Nd corresponds to
εNd of 0.35 ± 0.90 at 3,010 Ma. Their 176Lu-176Hf data lie on an
errorchron, with a younger apparent age of 2,903 ± 37 Ma
(MSWD  5.3; n  10; Figure 9B).
With one outlier sample removed (sample 823, collected
adjacent to an intrusive TTG sheet), the melanorites form an
147Sm-143Nd errorchron with apparent age of 3,029 ± 140 Ma
(MSWD  10.5; n  8; Figure 9C). However, data from different
melanorite bodies appear to lie on trends with shallower slopes.
The melanorites also form an errorchron in 176Lu-176Hf space,
with an apparent age of 2,963 ± 53 Ma (MSWD  8.3; n  9;
Figure 9D).
FIGURE 11 | Phase equilibria modelling and pyroxene thermobarometry
constraints on metamorphic conditions of the norite belt. Opx 
orthopyroxene, cpx  clinopyroxene, ol  olivine, pl  plagioclase, hb 
hornblende, bi  biotite, q  quartz, ru  rutile, sph  sphene, liq  liquid.
(A) Simplified P-T pseudosection for sample 1,045 (representative norite
(Continued )
FIGURE 11 | composition) assuming H2O  loss on ignition. Garnet is not
present in any norite sample, so garnet-bearing assemblages are not
subdivided for simplicity. (B) Simplified P-T pseudosection for sample 1,427
(representative melanorite composition) assuming H2O  loss on ignition.
Garnet is not present in a melanorite sample; garnet-bearing assemblages are
not subdivided. Biotite is lost at temperatures just above the liquidus; fields
between liquid in and biotite out are not labelled. (C) Simplified P-T
pseudosection under water saturated conditions for sample 1,045.
Retrogressed samples do not contain chlorite or epidote; predicted
assemblages containing these minerals are grouped for simplicity.
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Oxygen Isotope Analyses
Bulk rock O isotopic compositions for Fossilik norites range
from δ18O of +5.9 to +7.0‰ (Supplementary Table S1;
Figure 13), with typical 2σ uncertainties of <0.1‰. These
values are slightly elevated relative to MORB (+5.4 to +5.8‰;
Eiler et al., 2000). However, the highest δ18O value is for a
retrogressed sample (sample 1,048), and the range for samples
with a predominantly granulite-facies mineral assemblage is
more restricted, from δ18O +5.9 to +6.6‰. Compositions of
the two plagioclase separates analysed are 0.6 and 1.1‰ higher
than their host samples, with δ18O of +6.7 and +7.0‰,
respectively.
U-Pb Zircon Geochronology
Zircon U-Pb analyses are presented for three norite belt samples
dated by LA-ICP-MS, and one crosscutting TTG sheet dated by
SHRIMP (Figure 10; Supplementary Table S4). Detailed zircon
descriptions are given in the Supplementary Material. Sample
565, a melanorite from the southwest end of the belt, contains
oscillatory-zoned zircon with minor later rim growth. Eight
analyses of oscillatory-zoned zircon yielded a weighted mean
207Pb/206Pb age of 3,025 ± 12 Ma (MSWD  1.5), interpreted as
the magmatic crystallisation age. Sample 585, a mineralised
melanorite recovered from drill core, contains oscillatory-
zoned zircon with common high cathodoluminescence
response rims. Thirteen analyses of oscillatory zoned zircon
yielded a weighted mean 207Pb/206Pb age of 3,003 ± 9 Ma
(MSWD  1.0), interpreted as the magmatic crystallization
age. Sample 875, a mineralised spotted norite from the
northern part of the belt, contains sector- and oscillatory-
zoned zircon; some grains contain small metamict xenocrystic
cores. Twenty analyses of grains with well-developed sector and
oscillatory zoning yielded a weighted mean 207Pb/206Pb age of
3,010 ± 3 Ma (MSWD  1.5), interpreted as the magmatic
crystallisation age. Sample 811, a coarse grained norite from
Imiak Hill norite body (Ravenelle et al., 2017), located in the
northern part of the norite belt, contains zircon with faint
oscillatory and sector zoning. Twenty-two analyses of these
zircons yielded a weighted mean 207Pb/206Pb age of 3,000 ±
4 Ma (MSWD  0.40), interpreted as the magmatic
crystallisation age. Sample 1,013 is from a TTG sheet
intruding melanorites near the centre of the norite belt.
Thirty-three analyses conducted on grains with oscillatory or
sector zoning yield a weighed mean 207Pb/206Pb age of 2,989 ±
2 Ma (MSWD  1.2), interpreted as the magmatic
crystallisation age.
FIGURE 12 | Pearce element ratio plots for norite and melanorite
samples (Pearce, 1968). Arrows show melt evolution due to loss of
plagioclase (pl), clinopyroxene (cpx), orthopyroxene (opx), and olivine (ol).
Titanium is used as a conservative element instead of K (Russell et al.,
1990), due to likelihood of K mobility during metamorphism. (A) (Mg + Fe)/Ti
(Continued )
FIGURE 12 | against Si/Ti plot: plagioclase fractionation produces horizontal
trends, clinopyroxene fractionation produces a trend with gradient  0.5,
orthopyroxene fractionation has a gradient  1, olivine fractionation has a
gradient  2. (B) Plot for distinguishing plagioclase (horizontal trends) and
clinopyroxene (vertical trends) fractionation. Olivine and orthopyroxene
fractionation have no effect on this plot, as Al, Ca, and Na are conservative for
fractionation of these minerals. (C) Plot for distinguishing orthopyroxene and
olivine fractionation, both clinopyroxene and plagioclase fractionation produce
vectors with zero length on this plot (Nicholls and Russell, 2016).
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Phase Equilibrium Modelling
The results of phase equilibrium modelling are presented in
Figure 11. No garnet is present in any of the norite or
melanorite samples, and no indications of anatexis were
observed in any of the norite belt rocks. This limits the
pressures of granulite metamorphism to <11 kbar for
garnet- and melt-free assemblages modelled for norite
sample 1,045 (Figure 11A). A poorly-constrained pressure
of <16 kbar is obtained for garnet-free assemblages modelled
for melanorite sample 1,427 (Figure 11B). The predicted
solidus for sample 1,045 gives a maximum temperature of
granulite metamorphism between ∼825°C at pressures <6 kbar
to ∼875°C at 11 kbar. The predicted solidus for sample 1,427,
and the presence of biotite in the melanorite granulite-facies
assemblage, restricts the estimated peak temperatures to
<825°C. However, the temperature of the modelled solidus
is very sensitive to the concentration of H2O in the bulk
composition, which was determined from the LOI value.
Considering that some H2O may have been introduced
during weathering or retrogression, the estimated solidus
temperatures are probably minima and the granulite-facies
temperatures may have been higher. However, the presence of
biotite and hornblende in the granulite-facies assemblages
suggests that these rocks were not completely anhydrous
during metamorphism. Considering these caveats, the
observed norite granulite-facies assemblage of plagioclase +
orthopyroxene + clinopyroxene + hornblende + biotite ±
quartz is restricted to a broad field with T < 875°C and
4 kbar < P <11 kbar. The observed melanorite granulite-
facies assemblage of orthopyroxene + hornblende +
plagioclase ± clinopyroxene ± biotite ± rutile is restricted to
T < 800°C at P < 9 kbar.
FIGURE 13 | Indicators and models of crustal contamination. (A) and (B) Trace element plots showing mixing between mantle-derived magmas and average felsic
orthogneiss compositions in the Maniitsoq region (“Av. TTG”; Gardiner et al., 2019). Th/Yb and La/Yb are primarily sensitive to crustal contamination, whereas Nb/Yb
gives an indication of source enrichment and degree of melting (Pearce, 2008). Primitive mantle (PM) composition is from Sun and McDonough (1989), MORB
compositions are from Gale et al. (2013), concentrations are normalised to average Yb content in norite belt samples for mixture modelling. (C) δ18O against La/Yb
plot, δ18O broadly increases with La/Yb, consistent with contamination by high δ18O crustal rocks. Mantle range is from Eiler et al. (2000). (D) εHf plotted as a function of
La/Yb. Average TTG εHf at 3.0 Ga is calculated from average value for zircons 2,900 Ma < age < 3,100 Ma from the Maniitsoq region (Gardiner et al., 2019). Primitive
mantle isotopic composition is assumed to be identical to chondritic uniform reservoir (Bouvier et al., 2008) at 3.0 Ga “3.8 Ga DM” follows chondritic uniform reservoir
(Bouvier et al., 2008) until 3.8 Ga, then evolves with depleted mantle 176Lu/177Hf of 0.03976 (Fisher and Vervoort, 2018; Spencer et al., 2020) to 3.0 Ga “4.56 Ga DM”
evolves with depleted mantle 176Lu/177Hf 0.0384 (Griffin et al., 2000) from 4.56 until 3.0 Ga. Binary mixing models between hypothetical mantle derived magmas and
average felsic orthogneisses are shown as curves, colour coded according to the modelled mantle source, black crosses indicate 10% increments in mixture.
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A water saturated norite composition (sample 1,045) was also
modelled to investigate the conditions of amphibolite-facies
retrogression (Figure 11C). The retrogressed norite assemblage
of plagioclase + hornblende + biotite ± quartz, with an absence of
epidote and chlorite, restricts the metamorphic conditions to
between ∼525 and ∼740°C, at relatively low pressures of <6 kbar.
DISCUSSION
Age of the Maniitsoq Norite Belt
Other Relevant Age Data
Direct Dating of Norite Belt Samples
Sample 173 was previously interpreted as part of the Finnefjeld
Orthogneiss Complex (Gardiner et al., 2019). However, new
mapping suggests that it is located outside the Finnefjeld
Orthogneiss Complex, near the centre of the norite belt
(Figure 1). A reinterpretation of field, petrographical, and
geochemical evidence suggests it is a typical norite: friable,
with moderate MgO contents (7.7 wt%), high SiO2 contents
(57 wt%) and a high Al2O3/TiO2 ratio of 40. Gardiner et al.
(2019) report a U-Pb zircon age of 3,007 ± 9 Ma, interpreted as
the magmatic crystallisation age.
Geochronology samples from Ravenelle et al. (2017) are
divided into our norite and melanorite groups on the basis of
MgO and Cr contents (North American Nickel, unpublished
data). Four U-Pb zircon dates are from samples with high MgO
(>15 wt%) and Cr (>900 ppm) and are considered melanorites.
These have ages of 3,014 ± 3 Ma (Fossilik), 3,014 ± 3 and 3,014 ±
3 Ma (two samples from Spotty Hill), and 3,014 ± 4 Ma (P-
030—Nunanguit; Ravenelle et al., 2017). One date of 3,002 ± 5 Ma
(Imiak Hill; Ravenelle et al., 2017) was obtained from a sample
with relatively low MgO (7 wt%) and Cr contents (∼160 ppm),
which we interpret as a norite.
Aarestrup et al. (in press) present zircon U-Pb data for two
additional norite belt samples, FOS2 andQUA, from the Fossilik and
Imiak Hill complexes, respectively. It is not clear if these samples
represent norites or melanorites. Both samples have bimodal 207Pb/
206Pb age distributions, with oscillatory zoned zircon yielding older
ages than recrystallised zircon. Oscillatory-zoned zircon analyses
yield mean ages of 3,013 ± 6Ma for FOS2 and 3,009 ± 6Ma for
QUA, interpreted as igneous crystallisation ages. Recrystallised
domains yield mean ages of 2,995 ± 10Ma for FOS2 and 2,999 ±
14Ma for QUA, interpreted as metamorphic recrystallisation ages.
Ages of Host and Cross Cutting
Tonalite-Trondhjemite-Granodiorites
Melanorite sample 565 (this study) is hosted in 3,018 ± 13 Ma
tonalitic orthogneiss (sample 566; Gardiner et al., 2019), which
provides a maximum age for the melanorites at this locality. It is
also intruded by compositionally similar tonalite with an age of
2,998 ± 14 Ma (sample 567; Steenfelt et al., in review), providing a
minimum age for these melanorites. Sample 582, is an
orthogneiss that cross-cuts the Spotty Hill norite body. A
zircon U-Pb age of 3,014 ± 8 Ma (Steenfelt et al., in review)
provides a minimum age for the norites at this locality. Sample
1,256 is from a TTG sheet intruding norite represented by sample
1,257 (Figure 2F). A zircon U-Pb magmatic crystallization age of
3,003 ± 4 Ma (Kirkland et al., in review) provides a minimum age
for the norites at this locality. Sample 1,260 is from an enclave of
deformed TTG included within the same norite body
(Figure 2H), whose layering is truncated by the norites. Its
magmatic crystallisation age of 3,003 ± 4 Ma (Kirkland et al.,
in review) provides a maximum age for norites in this body.
Absolute Age of the Norite Belt
We combine U-Pb zircon ages for norite belt samples from this
study with U-Pb zircon ages reported in Ravenelle et al. (2017),
Gardiner et al. (2019), and Aarestrup et al. (in press) to establish
an absolute age for the Maniitsoq Norite Belt. Taken together,
U-Pb data exist for three norites, six melanorites, and two
unclassified samples from the Maniitsoq Norite Belt. All of the
dated samples contain dominant zircon populations with ages
between 3,000 ± 4 and 3,025 ± 12 Ma; many ages overlap within
uncertainty. However, a weighted mean of all samples (n  12;
metamorphic ages from Aarestrup et al., in press, are excluded)
yields an age of 3,012 ± 3 Ma (2σ), but with a high MSWD of 5.7
(p  3 × 10−9). This implies that the variation in ages across all
dated samples is greater than expected based on analytical
uncertainty alone. Weighted mean ages for only the norite
samples dated in this study and analysed in the same lab by
Gardiner et al. (2019) (3,007 ± 8 Ma; MSWD  6.2; n  5), and
only the samples dated by Ravenelle et al. (2017) (3,013 ± 4 Ma;
MSWD  4.0; n  5) also have high MSWD and low probabilities
of fit (p < 0.002). As both datasets from different labs show a
greater spread in ages than expected from analytical uncertainty,
the excess spread in ages is unlikely to be due to systematic
uncertainties or inter-lab biases, and we consider it unlikely that
the dated samples come from the same age population.
Two dated samples from the Imiak Hill norite body (sample
811; Ravenelle et al., 2017) are the only samples that do not
overlap within uncertainty with the weighted average age of all
samples, with ages of 3,000 ± 4 and 3,002 ± 5 Ma. Sample 585 has
a similar average age of 3,003 ± 9 Ma. Excluding these data, the
remaining norite belt samples yield a weighted mean age of
3,013 ± 1 Ma (MSWD  1.4; n  9; p  0.19), which we
interpret as the magmatic emplacement age of the majority of
the norite belt (Figure 10F).
The weighted mean age of the two Imiak Hill samples and
sample 585 is 3,001 ± 3 Ma (MSWD  0.5; n  3; p  0.62). We
test whether this age is statistically resolvable from the rest of
the belt using a Welch’s t-test, which tests if two populations
with different variances and sample sizes have the same mean.
The t statistic for the weighted means is 13.1, corresponding to
a probability of the mean ages being identical of 0.39%. The
two ages are therefore distinguishable at the 95% confidence
level, and we conclude that the samples from Imiak Hill and
sample 585 are resolvably younger than the average age of
the belt.
There are three possibilities for the observed age difference
between the two groups of samples: 1) the apparently younger
samples have the same emplacement age as the rest of the belt but
zircon U-Pb ages were variably reset during metamorphism,
either through metamorphic temperatures exceeding the Pb
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blocking temperature of zircon, or by Pb loss from metamict
zircon grains; 2) the apparently younger samples lacked igneous
zircon, and the analysed zircons formed during granulite-facies
metamorphism; 3) there were at least two magmatic pulses which
formed the Maniitsoq Norite Belt, featuring intrusion of
compositionally similar norites.
We rule out the possibility that U-Pb ages were reset by
temperatures exceeding the Pb blocking temperature of zircon;
if this was the case the all dated norite belt samples should be reset
to the same age, particularly where sampling locations were
closely spaced (Figure 1). Furthermore, calculated alpha doses
(assuming that radiation damage would commence from the
apparent crystallisation age) indicate that most grains have values
consistent with crystalline zircon, suggesting there was no Pb loss
due to metamictisation. We rule out a metamorphic origin for
zircons in samples 585 and 811 on the basis that the grains
contain sector and oscillatory zoning (Figure 10), and their Th/U
ratios (1.6 ± 1.9 and 1.3 ± 0.5, respectively; 2σ uncertainty) are
more consistent with igneous zircon growth than that of
metamorphic zircons (Kirkland et al., 2015; Yakymchuk et al.,
2018). Furthermore, these Th/U ratios are indistinguishable from
zircon from the other norites and melanorites analysed in this
study (Th/U from 1.3 ± 0.5 to 2.2 ± 2.2). Finally, cross cutting
relationships and U-Pb ages for TTG samples 1,256 and 1,260
(see below) are consistent with an age of 3,003 ± 4 Ma for norites
at a different locality, providing independent evidence for the
existence of younger norites associated with the Maniitsoq Norite
Belt. We conclude that there were at least two episodes of
intrusion of compositionally similar norites, and that
magmatism in the Maniitsoq Norite Belt was ongoing between
at least ∼3,013 and ∼3,001 Ma. We note that some ages, in
particular samples 173 (3,007 ± 9 Ma; Gardiner et al., 2019)
and QUA (3,009 ± 6 Ma; Aarestrup et al., in press) appear to fall
between the two age groups and overlap both of the average ages
within 2σ uncertainties. However, at this level of age resolution,
we cannot distinguish whether these represent further episodes of
norite intrusion, or whether they belong to the ∼3,013 or
∼3,001 Ma magmatic pulses.
Relative Age of the Norite Belt and
Tonalite-Trondhjemite-Granodiorites
Field observations indicate that the norites post-date and
intruded deformed TTG gneisses, but were in turn intruded
by later TTG melts before the end of regional deformation
(Field Observations and Sampling). The range of ages for
TTGs in the Maniitsoq region are consistent with these
observations. TTG formation is recorded between ∼3,050 and
2,990 Ma (Garde, 1997; Garde et al., 2000; Gardiner et al., 2019),
occurring both before and after the formation of the norite belt.
Locally, field relationships of dated samples also support this
chronology. Melanorite sample 565 is hosted in tonalitic gneiss
(3,018 ± 13; sample 566; Gardiner et al., 2019) with an
overlapping, but slightly older, age than the norite belt average
(3,013 ± 1 Ma), and is in turn intruded by tonalite with a slightly
younger age of 2,998 ± 14 Ma (sample 567; Steenfelt et al., in
review). Similarly, norite represented by sample 1,257 contains
enclaves of deformed TTG orthogneiss with a magmatic age of
3,003 ± 4 Ma (sample 1,260; Kirkland et al., in review), and is in
turn intruded by a TTG sheet with an indistinguishable age of
3,003 ± 4 Ma (sample 1,256; Kirkland et al., in review). The
3,014 ± 3 Mamelanorites in the Spotty Hill body (Ravenelle et al.,
2017) are intruded by orthogneiss with an indistinguishable age
of 3,014 ± 8 Ma (Steenfelt et al., in review). Finally, the youngest
dated TTG intruding norite has an age of 2,989 ± 2 Ma (sample
1,013). These relationships indicate that the norites and
melanorites were intruded into existing deformed TTG crust
during ongoing TTG production and deformation, and that the
formation of norite and one phase of TTG was essentially
synchronous (within age resolution of the available zircon
U-Pb data).
Metamorphism and Alteration of the
Maniitsoq Norite Belt
Though previous studies have interpreted textures and mineral
assemblages in the Maniitsoq Norite Belt as representing primary
igneous features (Garde et al., 2012, Garde et al., 2013), several
independent lines of evidence demonstrate that the norites and
melanorites were strongly affected by later metamorphism. There
is a preponderance of granoblastic textures, with no evidence of
preserved solid-melt dihedral angles, igneous mineral zoning or
previously reported skeletal/proto-orbicular textures
(Petrography). Mineral assemblages are consistent with
granulite-facies or retrogressed amphibolite-facies conditions,
and pyroxene compositions show equilibration at granulite-
facies conditions (Phase Equilibrium Modelling and Peak
Metamorphic Conditions). Finally, despite geochemical
evidence for chromite fractionation (Magmatic processes in the
Maniitsoq Norite Belt), chromite is not found in norite belt
samples, with only rare Cr-rich magnetite grains remaining
(Petrography). We therefore attempt to constrain the peak
metamorphic conditions and the effect of this metamorphism
on norite belt geochemistry below.
Peak Metamorphic Conditions
Combining the phase equilibrium modelling results for norite
sample 1,045 and melanorite sample 1,427, the granulite-facies
metamorphic conditions are restricted to temperatures of <800°C
and pressures <9 kbar (Figure 11). However, as noted previously,
these maximum temperatures are loosely constrained, due to the
strong effect of H2O on the solidus, potentially introduced after
peak metamorphism. Two-pyroxene thermobarometry (Lindsley
and Andersen, 1983) provides an independent constraint on peak
metamorphic temperatures, suggesting that pyroxenes
equilibrated at temperatures of ∼780 ± 70°C in the norites,
and ∼830 ± 70°C in the melanorites (Supplementary
Material). These conditions are broadly consistent with those
reported by Yakymchuk et al. (2020), who constrained the
conditions of granulite-facies metamorphism to temperatures
>800°C at pressures <9 kbar based on phase equilibrium
modelling of metabasites. Given the uncertainty in the
maximum temperatures in this study, the variation of
minimum temperatures reported by Yakymchuk et al. (2020),
and the possibility that temperatures varied spatially, it is difficult
to assign a precise peak temperature for metamorphism in the
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Maniitsoq Norite Belt. However, the coincidence of maximum
temperatures from this study and minimum temperatures from
Yakymchuk et al. (2020) suggest a peak temperature of ∼800°C.
These peak metamorphic conditions were reached between
∼3,010 and ∼2,980 Ma (Yakymchuk et al., 2020), consistent with
metamorphic zircon ages of 2,995 ± 10 and 2,999 ± 14 Ma in the
norite belt (Aarestrup et al., in press). The timing of peak
metamorphic conditions closely following norite belt
formation suggests that the norite magmas were emplaced into
very hot crust, and these high ambient temperatures permitted
prolonged metamorphism. The low pressures (<9 kbar)
established for this metamorphism require extremely high
thermal gradients in the Akia terrane crust (>900°C/GPa for a
peak temperature of 800°C), which suggests the Akia Terrane
crust and lithosphere was thin at ∼3.0 Ga (Sandiford and Powell,
1991; Yakymchuk et al., 2020). This inference is consistent with
studies of mantle xenoliths from kimberlites in the Maniitsoq
region, which show no evidence of lithospheric mantle older than
2.5 Ga (Wittig et al., 2010). Taken together, this suggests that the
present day thick lithosphere beneath the Maniitsoq region
formed after the end of major crust forming events in the
Akia Terrane at ∼3.0 Ga (Gardiner et al., 2019).
Effect of Metamorphism on Trace Elements
We assess the effect of metamorphism on the incompatible trace
element compositions of the norites and melanorites by plotting
all the analysed trace elements against an immobile element. As
HFSEs typically used to assess element mobility (such as Zr) have
scattered relationships with MgO and Al2O3/TiO2 (Figures 5, 6),
the trace elements are plotted against Yb (Supplementary
Material). Rare-earth elements heavier than Dy show very
strong correlations with Yb; the strength of these correlations
decreases towards the LREEs. Europium shows more scatter than
Sm or Gd and variable positive and negative Eu anomalies
(Figure 7). This may suggest that the LREEs and MREEs were
mobile to varying degrees during metamorphism, though this is
complicated by evidence of plagioclase accumulation in the norites
(Magmatic Processes in the Maniitsoq Norite Belt) and the
likelihood that the samples experienced crustal contamination
(Crustal Contamination).
Some other trace elements, such as Y and the HFSEs Nb, Zr,
Hf, and Ti, show broad positive correlations with Yb (with some
outliers; Supplementary Material). This is likely complicated by
fractionation of minerals such as zircon (Magmatic Processes in
the Maniitsoq Norite Belt), but we interpret these elements as
largely immobile during metamorphism. Others such as the
LILEs, Ta, Th, and U, show high degrees of scatter against Yb.
While the LILEs were likely remobilised during metamorphism,
assessment of Ta, T, and Umobility is difficult due to the effects of
crustal contamination (Crustal Contamination).
Effect of Metamorphism on O Isotopes
The highest δ18O value was observed for a retrogressed sample,
which suggests that it was affected by low-temperature
interaction with crustal fluids during retrogression. The
remaining samples have δ18O ranging from +5.9 to +6.6‰,
slightly above values expected for mantle-derived magmas
(Eiler et al., 2000), which could suggest that O isotopes in
these samples were also modified during metamorphism.
However, the elevated δ18O values measured in these samples
might be also inherited from assimilation of high-δ18O crustal
rocks such as TTGs (Whalen et al., 2002; Hiess et al., 2009;
Vezinet et al., 2018). The O isotope fractionation between
plagioclase and bulk rock of +0.6 to +1.1‰ indicates
preservation of high-temperature equilibrium (Zhao and
Zheng, 2003). Given previous observations that oxygen isotope
compositions can be preserved through high grade
metamorphism (Barnicoat and Cartwright, 1997), we interpret
the elevated δ18O relative to mantle values as resulting from
crustal contamination (Crustal Contamination; Figure 13).
Interpretation of 147Sm-143Nd and 176Lu-176Hf Isotopes
Most of the 147Sm-143Nd and 176Lu-176Hf isotopic data does not
form isochronous relationships (Figure 9), indicating that either
these isotopic systems were disturbed duringmetamorphism, or that
the isochron assumption of a constant initial isotopic composition
was not met. In the melanorites, the 147Sm-143Nd system was likely
disturbed on the scale of individual samples, as evidenced by the data
arrays from each body having lower gradients (younger ages) than
the errorchron comprising all of the data. The errorchron through
most samples (excluding 823; 3,029 ± 140Ma), lies within
uncertainty of both the zircon age of the melanorites and the
timing of peak metamorphism. This indicates that the 147Sm-
143Nd system was either more or less closed at the scale of the
melanorite bodies, or was reset on a large scale during peak
metamorphism at ∼3,010–2,980Ma. The 176Lu-176Hf errorchron
age of 2,963 ± 53Ma is slightly younger than, but overlaps within
uncertainty, both the timing of peak metamorphism and the zircon
age of the norite belt. Given the abundance of zircons retaining
magmatic ages older than the age of peak metamorphism, and the
important role of zircon in controlling bulk rock Hf budgets (e.g.,
Belousova et al., 2002), it is unlikely that there was widespread open-
system behaviour of Lu-Hf during peak metamorphism. We
therefore interpret this errorchron age as a spurious age due to
failure of the isochron assumption of constant initial 176Hf/177Hf,
either arising from variable crustal contamination of the melanorites
(Crustal Contamination), potentially accompanied by zircon
fractionation (Magmatic Processes in the Maniitsoq Norite Belt),
or variations in the 176Hf/177Hf of the melanorite parental magmas.
We interpret the behaviour of the 147Sm-143Nd and 176Lu-
176Hf systems in norite samples from the Fossilik body in a
similar manner. The 147Sm-143Nd data forms an isochron
(3.026 ± 54 Ma) within uncertainty of both the magmatic age
of the norites and the timing of peak metamorphism, whereas the
176Lu-176Hf data form an errorchron. The 147Sm-143Nd isochron
either represents closed system behaviour of the Sm-Nd system
since the magmatic emplacement of the Fossilik body, or
complete homogenisation of the 143Nd/144Nd ratio across the
Fossilik intrusion during peak metamorphism (Hammerli et al.,
2019). The overlapping timing of these two events makes them
indistinguishable from these data. The Lu-Hf errorchron
apparent age of 2,903 ± 37 Ma does not overlap with any
known magmatic or igneous event in the Akia Terrane (The
Akia Terrane), and so we interpret it as a spurious age arising
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from variable crustal contamination possibly accompanied by
zircon fractionation, or variations in the 176Hf/177Hf of the norite
parental magmas.
Despite the possibility that 143Nd/144Nd ratios were
homogenised or partially reset during granulite-facies
metamorphism, the small difference in age between the
emplacement of the Maniitsoq Norite Belt and the timing of
peak metamorphism means that calculated εNd should be
representative of the isotopic compositions before
metamorphism, providing the Sm/Nd ratios were not strongly
fractionated during metamorphism. Concentrations of Sm and
Nd are strongly correlated for all samples (Figure 9F), so we
consider it unlikely that this occurred, and believe the εNd to be
broadly representative of the igneous protoliths of the norite belt.
Magmatic Processes in the Maniitsoq
Norite Belt
The observed mineral assemblages in the Maniitsoq Norite Belt
reflect metamorphism at granulite-facies or amphibolite-facies
retrogression. However, to understand the petrogenesis of these
samples, it is important to establish what mineral phases were
fractionating in the igneous protoliths of these rocks. We attempt
to constrain this below by considering the relationships between
different elements and elemental ratios in the norites and
melanorites.
Plagioclase Fractionation
The norites show trends towards plagioclase compositions in
plots against MgO, trends towards highly suprachondritic Al2O3/
TiO2, and correlations between Al2O3/TiO2 and Sr and Eu/Eu*,
suggesting that plagioclase accumulation was an important
control on norite bulk rock compositions (Figures 4, 6).
Conversely, all melanorite samples have negative Eu
anomalies. The largest of these anomalies (Eu/Eu*  0.5) is
found in a retrogressed sample, and likely reflects the higher
mobility of Eu relative to other REEs duringmetamorphism (Bau,
1991). However, all other samples show a weak (R2  0.35), but
statistically significant correlation with MgO (critical R2 value for
12 samples, 95% confidence  0.33). This suggests that all
melanorites experienced plagioclase fractionation, with the
highest MgO samples undergoing the greatest plagioclase loss.
We correct for this plagioclase fractionation by regressing the
Eu/Eu* data against Al2O3/TiO2 back to an assumed parental
melt composition with Eu/Eu*  1 (i.e., no Eu anomaly). For the
norites, this regression yields a parental melt (before plagioclase
accumulation) with mean Al2O3/TiO2  57 (36 < Al2O3/TiO2 <
70, calculated from regression 95% confidence limits). For the
melanorites, this regression yields a parental melt with mean
Al2O3/TiO2  45 (33 < Al2O3/TiO2 < 120). This closely overlaps
the Al2O3/TiO2 ratios calculated for the norites, and is consistent
with the norites and melanorites forming from the same parental
melt, as inferred from field relationships (Field Observations and
Sampling).
Nineteen of the 45 analysed norite samples lie in the range of
36 < Al2O3/TiO2 < 70 (i.e., no detectable plagioclase
accumulation), though five of these lie on the trend of
increasing trace element concentrations at constant Al2O3/TiO2
and are also excluded. The remaining 14 samples were averaged to
approximate the composition of the parental melt before
plagioclase accumulation. The norite bulk rock compositions
for HREEs (Figure 6) lie on mixing lines between this melt
composition and the average plagioclase composition analysed
by EPMA. The extreme Al2O3/TiO2 ratios observed in some
norites indicate up to almost 60 wt% cumulus plagioclase (by
weight) in some samples, which causes a “dilution” effect of trace
element concentrations in the bulk rock due to a decreasing
volume of intercumulus melt. LREEs such as La (Figure 6) are
more scattered and show a flat to slightly increasing trend against
Al2O3/TiO2 in samples with a high degree of plagioclase
accumulation. This may represent greater mobility of La during
metamorphism or that the plagioclase accumulation was
accompanied by crustal contamination (Crustal Contamination).
FIGURE 14 | Nd and Hf evolution curves for the Maniitsoq Norite Belt.
εNd and εHf values for norite and melanorite data are calculated at 3,010 ±
10 Ma with 2σ uncertainties propagated after Sambridge and Lambert (1997).
Zircon εHf data from the Maniitsoq region and average value for zircons
2,900 Ma < age < 3,100 Ma (Gardiner et al., 2019) are shown for comparison,
uncertainty on average is 2σ. εHf data for basalts and andesites from the Akia
Terrane are also shown for comparison (Szilas et al., 2017). Depleted mantle
models for εHf are described in Figure 13 and the main text. Approximate
depleted mantle models for εNd are shown for reference. These follow
chondritic uniform reservoir (Bouvier et al., 2008) until 3.8 and 4.56 Ga,
respectively, before evolving with depleted mantle 147Sm/143Nd of 0.2156
(Vervoort and Blichert-Toft, 1999).
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The second of the diverging trace element trends in the norites,
towards increasing trace element concentrations at approximately
constant Al2O3/TiO2 (Figure 6) cannot be explained by
plagioclase accumulation. Instead, based on the uniform
enrichment in most trace elements (Figure 7), we interpret this
to represent either incorporation of more evolved magma or a
higher ratio of melt:phenocrysts in the igneous protoliths of these
samples. The sample with the highest overall REE contents
(sample 889) also has the largest negative Eu anomaly (Eu/Eu*
 0.5), suggesting it incorporated an evolved melt that had
undergone significant plagioclase fractionation.
Pyroxene Fractionation
In contrast to the norites, melanorite compositions are largely
controlled by pyroxene fractionation. Major element variations
form scattered trends towards orthopyroxene compositions, and
the highest MgO samples (∼23–27 wt%MgO) have compositions
close to orthopyroxene compositions measured by EPMA
(Figure 4). One of these samples shows a “cumulate-like” REE
pattern with MREE < HREE (Figure 7), suggesting it
incorporated little interstitial melt. Scandium and CaO,
compatible in clinopyroxene (e.g., Bédard, 2001) are correlated
in the melanorites (Figure 6), and on a Pearce element ratio plot
of molar (Mg + Fe)/Ti against Si/Ti the melanorites fall on an
array with a gradient of 0.75, between that expected for
clinopyroxene or orthopyroxene fractionation alone (diopside
gradient  0.5, orthopyroxene gradient  1; Figure 12A; Pearce,
1968; Russell et al., 1990). Large vertical variations in a plot of
[Ca + 0.5(Na − Al)]/Ti against Al/Ti), designed to discriminate
plagioclase from clinopyroxene fractionation (Figure 12B;
Russell et al., 1990), and in an olivine-orthopyroxene
discrimination plot (Figure 12C; Nicholls and Russell, 2016),
confirm the importance of both clino- and orthopyroxene
fractionation in generating the range of melanorite
compositions. There is no evidence of olivine fractionation,
which would be expected to drive increases in SiO2 with
falling MgO content (Figure 4).
In the norites, Sc is strongly scattered about plagioclase
accumulation trends, and the positive gradient of 0.22 on a
Pearce element ratio plot of molar (Mg + Fe)/Ti against Si/Ti
(Figure 12A) cannot be explained by plagioclase accumulation
alone (gradient  0). This suggests that pyroxene was also a
fractionating phase during the formation of the norites. A slight
trend towards decreasing CaO with decreasing MgO (Figure 4),
and scatter in a plot of [Ca + 0.5(Na − Al)]/Ti against Al/Ti
(Figure 12B), confirms that clinopyroxene was a fractionating
phase. Vertical variations on the olivine-orthopyroxene
discrimination plot (Figure 12C), indicate that orthopyroxene
was also fractionated during differentiation of the norites. Higher
concentrations of Sc and MgO in the melanorites relative to
the norites are consistent with overall pyroxene loss from the
norites and accumulation in the melanorites.
Accumulation of Dense Accessory Phases in the
Melanorites
HFSEs such as Zr, Hf, and Nb, which are usually expected to be
immobile during metamorphism, are also highly scattered
about plagioclase and pyroxene accumulation trends
(Figures 5, 6). The norites and melanorites both show
variable Zr anomalies with Zr/Zr* of 0.4–1.5 (mean  0.7)
and 0.5–10.3 (mean  1.6), respectively. The melanorites have
higher mean Zr contents (52 ppm) than the norites (mean Zr 
29 ppm). However, considering only samples with no Zr
anomaly (0.9 < Zr/Zr* < 1.1), the norites and melanorites
have indistinguishable mean Zr concentrations of 42 and
45 ppm, respectively, again consistent with both groups
forming from the same parental melt. In conjunction with a
strong correlation between Zr and Hf (Figure 6), we interpret
this to suggest that zircon was a fractionating phase in the
norites and melanorites, with the melanorites experiencing net
accumulation of zircon, and the norites experiencing net zircon
loss. The correlation between Cr an Ru in the melanorites
(Figure 8) suggest that chromite was also a fractionating phase
(e.g., Pagé and Barnes, 2016). Lower concentrations of Ru and
Cr in the norites suggest that chromite was lost from the norites
and accumulated in the melanorites.
Similar inferences can be made for sulphides in the Maniitsoq
Norite Belt. Norites analysed in this study have low
concentrations of both iridium-PGEs (IPGEs) and platinum-
PGEs (PPGEs) relative to the melanorites (Figure 8). As
PPGEs are thought to behave incompatibly in the absence of
sulphide (Barnes et al., 1985), this cannot be explained solely by
fractionation of early IPGE-bearing phases (e.g., chromite,
laurite). Instead, we interpret this to reflect saturation of the
norite parental magma in sulphide, which predominantly
accumulated in the melanorites. This is consistent with
generally lower Cu contents in the norites, scattered trends in
Cu against Al2O3/TiO2 and MgO, and the observation that
mineralisation in the norite belt is predominantly concentrated
in the high MgO melanorites (Ravenelle et al., 2017).
Relationship Between the Norites and Melanorites
The norites and melanorites appear to have had an extremely
similar fractionating assemblage dominated by plagioclase,
orthopyroxene and clinopyroxene. All major and trace element
data are consistent with the norites andmelanorites deriving from
the same parental melt, and the two groups have closely
overlapping εNd and εHf values. The main difference between
the two is that the norites largely experienced plagioclase
accumulation, and loss of dense phases such as pyroxene,
zircon, chromite, and sulphide. These dense phases
accumulated in the melanorites, which experienced plagioclase
loss. We therefore interpret the norites and melanorites as
complementary suites derived from the same parental melts,
driven to different compositions by density driven segregation
and accumulation of different minerals. This is interpretation is
consistent with the observation that norites are found towards the
palaeo-top of the Fossilik intrusion, whereas melanorites are
found towards the base (Ravenelle et al., 2017).
Crustal Contamination
Enclaves of amphibolite and TTGs included in the norite belt,
hybridised contact zones between norites and TTGs (Figure 2),
and the presence of xenocrystic zircon cores, suggest that the
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igneous protoliths of the norite belt experienced crustal
contamination during their emplacement. Several geochemical
and isotopic features of the norites and melanorites support this
view. The norite belt samples are silicic (average of all samples 
54 wt% SiO2) despite having ultramafic characteristics such as
high Mg#, high Cr and Ni contents, and low concentrations of
HREEs and HFSEs (Garde, 1997; Garde et al., 2012, Garde et al.,
2013). Trace element proxies for crustal contamination of norite
belt samples, such as Th/Yb and La/Yb (Figures 13A,B; Pearce,
2008), form broad arrays between depleted mantle melts (e.g.,
normal MORB (N-MORB)-like compositions) and the average
composition of felsic orthogneisses in the Maniitsoq region
(Gardiner et al., 2019), though there is significant scatter due
to variable amounts of crystal fractionation accompanying this
contamination. Similarly, the trace element patterns of the norites
and melanorites closely resemble those of the average Maniitsoq
felsic orthogneiss composition (Figure 7). Furthermore, the
analysed norite samples have elevated δ18O values relative to
mantle values (Figure 13C), which broadly correlate with trace
element indicators of crustal contamination, consistent with
input of crustal materials. Finally, εNd and εHf values are low
relatively to depleted mantle at 3 Ga, and εHf data form arrays
between depleted mantle and Maniitsoq TTGs at 3 Ga
(Figure 14).
The trace element compositions of the norites and melanorites
allows us to place constraints on the nature of this crustal
contaminant. The average composition of amphibolites
analysed in the Maniitsoq region is far too low in
incompatible trace elements such as La and Th to produce the
array of norite and melanorite compositions (Figure 13). While
this does not definitively rule out a contribution from mafic
crustal contaminants, it does require the involvement of more
evolved rocks, such as the regional TTG gneisses.
The Nb/Yb ratios of norite belt samples are inconsistent with
melts derived from an enriched mantle source, or low degree
melts enriched in incompatible elements (Figures 13A,B). We
therefore calculate the approximate extent of crustal
contamination that the norite belt protoliths underwent,
assuming the parental melt was derived from a depleted
mantle source (NMORB of Gale et al., 2013), or a high
degree melt of a primitive mantle source (“flat” trace element
pattern with trace element ratios equal to primitive mantle; Sun
and McDonough, 1989). Both parental melt compositions are
normalised to the average Yb concentration of the norites and
melanorites, and contamination is modelled by binary mixing
with the average local felsic orthogneiss composition. As there is
considerable scatter due to the effects of fractional
crystallisation, mineral accumulation, and metamorphism, we
stress that these calculations are necessarily approximate, and
rely on average norite and melanorite compositions rather than
data for individual samples. Th/Yb relationships (Figure 13A)
indicate the average norite and melanorite compositions require
approximately 10% crustal contamination of either a depleted
mantle- or primitive mantle-derived melt, though data are
highly scattered, potentially due to the effects of zircon
fractionation and/or Th mobility during metamorphism. La/
Yb relationships are less scattered, although arrays of data along
lines with gradients ≈1 in the La/Yb against Nb/Yb plot
(Figure 13B) suggest fractionation of Yb relative to La and
Nb during crystallisation of the norites and melanorites,
possibly due to pyroxene fractionation. These data indicate
∼20–30% crustal contamination was required in the
formation of the norites, regardless of whether the parental
magma was derived from depleted or primitive mantle. This is
comparable to estimates based on the major element
composition of the norites. If we assume their parental melt
before contamination had ∼48 wt% SiO2, similar to a typical
picrite (e.g., Larsen and Pedersen, 2000), then 31%
contamination by TTG with 68 wt% SiO2 (average Maniitsoq
felsic orthogneiss; Gardiner et al., 2019) is required to produce
the 54 wt% average SiO2 of the norite belt samples.
Source and Parental Melt Composition
As trace elements alone cannot distinguish between a depleted- or
primitive-mantle derived melt, we extend this contamination
modelling to Hf isotopes to place constraints on the nature of
the norite belt source. (Figure 13D). We calculate the average εHf
of the Maniitsoq region felsic crust at ∼3.0 Ga using the average
εHf of igneous zircons with U-Pb ages between 2,900 and
3,100 Ma (Gardiner et al., 2019). The analysed zircons are
mostly from tonalite samples (n  9), with three granite
samples and one diorite, and yield an average εHf of −2.4 ±
1.7 (2σ). Three different potential Hf isotopic compositions of
the source are modelled: a primitive mantle-like source (εHf  0 at
3.0 Ga); depleted mantle formed at 3.8 Ga, which follows CHUR
(Bouvier et al., 2008) evolution from solar system formation until
3.8 Ga, then evolves with depleted mantle 176Lu/177Hf of 0.03976
(Fisher and Vervoort, 2018; Spencer et al., 2020) after 3.8 Ga
(εHf  +3.0 at 3.0 Ga); and depleted mantle formed at 4.56 Ga,
which evolves with 176Lu/177Hf of 0.0384 (Griffin et al., 2000)
from 4.56 Ga (εHf  +5.1 at 3.0 Ga). Different 176Lu/177Hf ratios
are used for the two models so that they converge at present day
depleted mantle εHf values (Vervoort and Blichert-Toft, 1999).
The norite parental magma is assumed to have an NMORB-like
Hf/Yb for the two depleted mantle models (Gale et al., 2013), and
primitive mantle-like Hf/Yb for the primitive mantle model (Sun
and McDonough, 1989), both normalised to the average Yb
concentration of the norites and melanorites.
The modelled mixing curves show that no amount of crustal
contamination of a melt derived from a primitive mantle-like
source can match the average trace element and Hf isotope
characteristics of the norite belt samples; contamination of a
primitive-mantle derived melt with initial εHf  0 produces εHf
values that are too low at a given La/Yb for all but one sample. By
contrast, contamination of 3.8 and 4.56 Ga depleted mantle
sources can satisfy the trace element-εHf relationships, and
produce εHf in the range observed in the norites and
melanorites (εHf  −1.1 to 0.0; excluding outlier samples)
with 13–28 and 20–36 wt% crustal contamination,
respectively. While the amount of crustal contamination
calculated is clearly dependent on the timing of source
depletion, the Hf-isotope characteristics of the norites and
melanorites are also consistent with high degrees of crustal
contamination.
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Several other features of the Maniitsoq Norite Belt are
consistent with a depleted source. Trace elements not
present in high concentrations in local felsic crust suggest a
broadly depleted pattern, with primitive mantle normalised Nb
< Ti ≈ HREEs (Figure 7). Correcting for plagioclase
fractionation, Al2O3/TiO2 ratios calculated for the norites
and melanorites are high (∼50), consistent with formation
from a source previously depleted in TiO2 (Kamber and
Tomlinson, 2019). Though this ratio can be modified by
assimilation, these calculated values are higher than the
average Maniitsoq felsic orthogneiss Al2O3/TiO2 ratio of
39 ± 4 (average of data from Gardiner et al., 2019),
suggesting it is a primary feature. Finally, slightly positive
εNd values and εHf-trace element characteristics require a
depleted source for any amount of crustal contamination.
Though the timing of this source depletion is poorly
constrained due to high degrees of crustal contamination,
relationships between εHf and trace element indicators of
crustal contamination are consistent with source depletion
occurring 100s of Myrs before the formation of the
Maniitsoq Norite Belt, perhaps in the Eoarchaean (Gardiner
et al., 2019).
The complex crustal contamination, fractionation and
metamorphic processes undergone by the Maniitsoq Norite
Belt make it difficult to constrain the nature of its parental
magmas. However, inferred crystallising assemblages of
orthopyroxene, clinopyroxene, and plagioclase, and
compositions which diverge from ∼13 wt% MgO (Figures 4,
5), suggest that the magma that formed the norites was not
particularly ultramafic. The consistently high SiO2 contents in
the norites and melanorites suggests that all samples were
crustally contaminated, and that crustal contamination
began before the emplacement of the norite magmas. It is
therefore possible that the norite belt represents only the
upper levels of a magmatic system that had already
undergone considerable crustal assimilation and fractional
crystallisation. Abundant peridotite bodies in the Maniitsoq
region identified during fieldwork are potential candidates for
the lower magma chambers in which this assimilation and
crystallisation occurred.
TECTONIC INTERPRETATION
The Maniitsoq Norite Belt Did Not Form in
Response to a Giant Impact
Garde et al. (2012) and (2013) interpreted the Maniitsoq Norite
Belt as a series of post-kinematic intrusions of crustally
contaminated ultramafic melts. On the basis of overlapping
ages with the youngest components of the Finnefjeld
Orthogneiss complex, and superficial similarities to impact
melt dykes from Sudbury, Garde et al. (2012) and (2013)
suggested they formed in response to a large bolide impact at
∼3 Ga, later refined to 3,001 ± 2 Ma (Scherstén and Garde, 2013).
This impact was purported to have resulted in the crushing and
homogenisation of the regional gneisses, producing the Finnefjeld
Orthogneiss Complex, along with complete isotopic resetting of
zircon over a wide area (∼100 km diameter) due to regional
hydrothermal alteration by infiltration of seawater along impact
generated fractures (Scherstén and Garde, 2013).
A number of observations presented in this paper directly
contradict the interpretations of Garde et al. (2012) and (2013),
and are incompatible with an impact model. The norites are not
post-kinematic (Field Observations and Sampling), and formed
during an ongoing period of TTG production, deformation, and
metamorphism in the Akia Terrane (Metamorphism and
alteration of the Maniitsoq Norite Belt). The interpreted
emplacement age of the majority of the norite belt (3,013 ±
1 Ma) is significantly older than the 3,001 ± 2 Ma (n  37)
mean age proposed for a giant impact in the Maniitsoq region
(Scherstén and Garde, 2013). A Welch’s t-test gives a probability
of these mean ages being identical of 1.7 × 10−13, meaning we can
assert with≫99% confidence that the norite belt is older than the
proposed impact age. Furthermore, the difference in U-Pb zircon
age between the Imiak Hill norites and the rest of the belt is
inconsistent with an impact event; noritic magmas formed over a
period of ∼12 Myrs cannot have been generated by a single
impact. Finally, we see no evidence for regional hydrothermal
alteration seawater in response to an impact, which was suggested
to post-date norite intrusion (Scherstén and Garde, 2013). The
Maniitsoq Norite Belt is dominated by dry granulite-facies
assemblages with low volatile contents (LOI), and limited,
localised amphibolite-facies retrogression. Bulk rock δ18O
values above mantle values cannot be explained by seawater
infiltration, which, despite uncertainties surrounding the
composition of Archaean seawater, would be expected to
lower the δ18O of mantle-derived mafic rocks (Jaffrés et al.,
2007; Tartèse et al., 2017). These observations clearly rule out
an impact origin for the Maniitsoq Norite Belt (Garde et al., 2012,
Garde et al., 2013), and we concur with recent studies suggesting
that the Mesoarchaean evolution of the Akia Terrane was not
influenced by a giant impact (Steenfelt et al., in review; Reimold
et al., 2013; Kirkland et al., 2018; Gardiner et al., 2019;
Yakymchuk et al., 2020).
Formation of the Maniitsoq Norite Belt
Based on the constraints outlined in this study, a tectonic model
for the formation of the Maniitsoq Norite Belt must satisfy the
following observations: 1) essentially synchronous formation of
TTGs and norite, with norite intrusion occurring during ongoing
TTG production; 2) norite intrusion into hot, thin crust and
lithosphere, with low pressure–high temperature granulite-facies
metamorphism closely following norite intrusion and
contemporaneous with ongoing TTG production; 3) norite
formation through extensive crustal contamination of a
depleted mantle-derived magma.
Though TTG petrogenesis is largely beyond the scope of this
paper, the close temporal and spatial relationships between the
Maniitsoq Norite Belt and their host TTGs necessitates some
consideration of TTG formation. TTGs are widely understood to
form through melting of hydrated mafic rocks (Moyen and Martin,
2012). However, recent work has suggested that TTG parental melts
could form through extensive crystallisation of amafic parentalmelt
(Laurent et al., 2020), raising the possibility that the norites and
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TTGs were cogenetic. We rule out this possibility for a number of
reasons. Firstly, ∼3 Ga TTGs in the northern Akia Terrane require a
contribution from older, likely Eoarchaean, mafic crust (Gardiner
et al., 2019). Secondly, the initiation of TTG emplacement in the
Fiskefjord Complex at ∼3,050Ma (Garde et al., 2000), significantly
predates norite belt formation. Thirdly, mass balance suggests that
extensive differentiation of a noritic melt (∼13 wt% MgO) to a
tonalitic parental melt (∼2.5 wt%MgO; Laurent et al., 2020), would
require the generation of large volumes of mafic cumulates
complementary to the voluminous TTGs that host the norites.
However, a lack of strong magnetic anomalies in the Fiskefjord
Complex is inconsistent with the presence of large volumes of mafic
cumulates beneath the norite belt (Steenfelt et al., in review), and
norites represent only a minor portion of the exposed crust in the
Fiskefjord Complex. We conclude that the close associations
between norites and TTGs does not indicate that they were
cogenetic, and that synchronous production of TTGs and norites
requires a tectonic setting capable of simultaneously producing
partial melts of both mafic crust (TTGs) and mantle (norites).
Subduction zones are commonly invoked for formation of
TTGs in the Archaean, either through direct melting of
subducted oceanic crust (e.g., Hastie et al., 2016), or through
melting of thickened arc crust (e.g., Nagel et al., 2012). In this
scenario, the norites could potentially be produced through
hydrous arc melting or back arc extension. However, the
modelled conditions of granulite metamorphism with extremely
high temperature gradients (>900°C/GPa; Metamorphism and
alteration of the Maniitsoq Norite Belt) are inconsistent with
significantly thickened crust, as might be expected in a modern-
style arc setting. Another possibility, consistent with the
requirement of thin crust and lithosphere, is that the norites
were produced in an extensional setting, such as a rift or a back
arc, and supply of mafic magma combined with elevated
geothermal gradients drove melting of pre-existing mafic crust
to produce the TTGs. However, this model is inconsistent with the
onset of TTG formation predating norite belt emplacement, and
the greater proportion of TTGs relative to mafic rocks in the
Fiskefjord Complex. Furthermore, an extensional setting cannot
account for the deformation contemporaneous with formation of
the norite belt and its host TTG orthogneisses (Field Observations
and Sampling, Age of the Maniitsoq Norite Belt). An alternative
suggestion, consistent with the observed high thermal gradients in
the Akia Terrane, are stagnant lid processes (Yakymchuk et al.,
2020). However, it is not clear in this scenario what would “trigger”
magmatism and metamorphism in the Akia terrane at ∼3 Ga.
Instead, we believe the model that can best satisfy the criteria
outlined above is an ultra-hot orogeny (Chardon et al., 2009;
Figure 15). This model lies somewhere between plate tectonic and
stagnant lid processes, in that horizontal convergence is required
to drive magmatism and metamorphism, but the crust and
lithosphere are extremely weak and lithospheric delamination
is an important process. Numerical modelling by Perchuk et al.
(2018) demonstrates that for mantle temperatures ∼150°C higher
than the present day (e.g., Herzberg et al., 2010), convergence
between thin blocks of continental lithosphere can produce ultra-
hot orogens. In this model, underthrusting of one of the
continental blocks is accompanied by delamination of
lithospheric mantle and mafic lower crust from the over-riding
block. This delamination allows hot partially molten depleted
asthenospheric mantle to invade beneath the crust, causing high
FIGURE 15 | Schematic diagram of synchronous norite and TTG formation in an ultra-hot orogeny, modified from numerical models by Perchuk et al. (2018), with
exaggerated vertical scale. Sizes and shapes of crustal blocks, lithospheric mantle, and various zones of partially molten mantle and mafic lower crust are to scale from
Perchuk et al. (2018). Relationships in the crust are simplified and not to scale, with TTG production inferred from locations of partially molten new felsic crust in the
numerical models, and norite intrusion inferred to occur above zones of partially molten depleted mantle.
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crustal temperatures and providing a mechanism for melting of
mafic lower crust to produce TTGs. Extensive partial melting of
the mantle beneath the ultra-hot orogeny and convective
asthenospheric upwelling in response to lithospheric
delamination provide a mechanism for producing the mafic
magmas that gave rise to the norite belt. The orogenic crust
(∼30 km thick) and lithosphere (∼10 km thick) remains thin
due to delamination, mechanical weakness, and thermal
erosion, and predicted Moho temperatures are high
(∼900–1100°C; Perchuk et al., 2018). This provides a
mechanism for high temperature–low pressure granulite-facies
metamorphism that commenced soon after the norite belt
emplacement. High crustal temperatures may have also
favoured assimilation of continental crust by the norite belt
parental magmas, as crustal temperatures may have been close
to the melting point of their host TTGs for 10s of Myrs (Perchuk
et al., 2018; Taylor et al., 2020; Yakymchuk et al., 2020). This
model is consistent with recent suggestions that TTGs in the
Maniitsoq region might be derived from relatively low pressure
melting ofmafic rocks (Yakymchuk et al., 2020), without requiring
over-thickening or subduction ofmafic crust (Laurent et al., 2020).
Although previous authors have highlighted the role of crustal
contamination in the ∼2.7–2.0 Ga norite suite (Barnes, 1989;
Bridgwater et al., 1995; Järvinen et al., 2019; Mansur and Barnes,
2020), this model differs substantially in the manner in which the
mafic-ultramafic precursors of the norites are generated. Models for
younger norites typically invoke melting of highly depleted
lithospheric mantle (Hall and Hughes, 1987) or melting of more
fertile mantle in a rising mantle plume (Wilson, 2012; Zirakparvar
et al., 2019). However, formation of the Maniitsoq Norite Belt
during an ongoing period of large-scale TTG production, closely
followed by widespread regional granulite metamorphism, is also
substantially different to the setting in which younger norites
formed. We suggest that coupled norite and TTG formation in
Archaean ultra-hot orogenies may represent a mode of norite
formation unique to norites older than 2.7 Ga.
CONCLUSIONS
The Maniitsoq Norite Belt comprises two main lithologies:
plagioclase-rich “norites” and more mafic and pyroxene-rich
“melanorites”. Both groups have high Mg#, SiO2 contents, and
low TiO2 contents relative to amphibolites in theManiitsoq region,
and have trace element patterns featuring depleted HREEs, highly
enriched LREEs, and negative anomalies in Nb, Ta, and Ti. Field
relationships suggest that the norite belt is younger than the oldest
mafic rocks in the region, and may have both intruded and been
intruded by TTGs. These field relationships are supported by U-Pb
zircon dating, which indicates that the majority of the norite belt
formed at 3,013 ± 1Ma, during the ∼3,050–2,990Ma period of
TTG production in the Akia Terrane. However, a statistically
resolvable age of 3,001 ± 3Ma for the Imiak Hill intrusion, and
age bracketing from TTG enclaves and sheets, suggests that norite
magmatism continued for ∼12Myrs. Mineral assemblages
dominated by orthopyroxene, clinopyroxene, plagioclase and
hornblendereflect granulite-facies metamorphism at temperatures
∼800°C and pressures <9 kbar. These conditions imply high
thermal gradients of >900°C/GPa in the Akia Terrane at
∼3.0 Ga, and require that crust and lithosphere were thin at the
time of norite emplacement. The systematics of many trace
elements and possibly Nd-isotopes were disturbed during this
metamorphism. Differences in the geochemistry of the norites in
the melanorites can be explained by formation from the same
parental melt, but with the norites predominantly accumulating
plagioclase and the melanorites predominantly accumulating
pyroxene. The nature of the parental melt to both groups of
rocks is difficult to pinpoint, but appears to have been a broadly
mafic (MgO ∼ 13 wt%) melt of depleted mantle. This melt was
strongly contaminated by ∼20–30% assimilation of continental
crust, before emplacement and possibly during crystallisation of
the norites. High degrees of assimilation were facilitated by
intrusion of the norites into crust that was already very hot. The
timing of the depletion of the Maniitsoq Norite Belt source is
difficult to constrain due to the effects of crustal contamination, but
positive εNd values and models of crustal contamination that
combine trace elements and Hf-isotopes suggest that the source
was depleted significantly (100s of Myrs) before the formation of
the Maniitsoq Norite Belt. The synchronous production of TTGs
and norite in the Akia Terrane at ∼3.0 Ga, closely followed by high
temperature, low pressure metamorphism is best explained by
formation in an ultra-hot orogeny. Despite sharing crustal
contamination as a mechanism for generating noritic
compositions with younger norites, synchronous production of
TTGs and norite in ultra-hot orogenies may be restricted to norites
>2.7 Ga.
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